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Abstract

Heavy drinking and HIV infection are independently associated with damage to the brain’s 

white matter. The purpose of the current study was to investigate whether current alcohol 

consumption, HIV infection, and associated characteristics were associated with indices of white 

matter microstructural integrity in people living with HIV (PLWH) and seronegative individuals. 

PLWH and controls were categorized as non-drinkers, moderate drinkers, or heavy drinkers. White 

matter fractional anisotropy (FA), radial diffusivity (RD), and axial diffusivity (AD) were assessed 

using diffusion tensor imaging (DTI). Voxelwise analyses using tract-based spatial statistics 

were followed by confirmatory region-of-interest (ROI) analyses. Data from 108 participants (62 

PLWH, 46 controls) were suitable for analysis. Average age (±standard deviation) was 45.2±11.1 

years, and the sample was 42% female. The majority of PLWH were on antiretroviral therapy 

(94%) and were virally suppressed (69%). PLWH and controls did not differ on substance use. 

Heavier alcohol intake was significantly associated with lower FA and higher RD in widespread 

areas. Heavy drinking was significantly associated with higher AD in a small region. The main 

effect of HIV was not significant, but a significant HIV-age interaction was observed. Follow-up 

ROI analyses confirmed the main effect of drinking group and HIV-age interaction. In conclusion, 

results are consistent with a dose-dependent association of alcohol use with lower white matter 

microstructural coherence. Concordance between FA and RD findings suggests dysmyelination as 

a mechanism. Findings underscore the need to address unhealthy alcohol use in HIV-positive and 

seronegative individuals, the consequences of which may be exacerbated by aging.
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Introduction

Alcohol use is common in people living with HIV infection (PLWH): 63% report alcohol 

use in the past year, and 16% endorse heavy drinking in the past month (Centers for 

Disease Control and Prevention, 2019). Although alcohol use disorder (AUD) and HIV 

infection have distinct neuropathological mechanisms, abnormality in the brain’s white 

matter is a hallmark injury of both conditions (Monnig et al, 2013b; O’Connor et al, 2017). 

Diffusion tensor imaging (DTI) is an application of magnetic resonance imaging (MRI) 

that quantifies directionality of water diffusion to allow inferences about microstructural 

tissue properties (Basser and Pierpaoli, 1996). DTI has helped to illuminate the functional 

significance of brain white matter, showing that intact white matter microstructure is vitally 

important to cognitive function. Population-based studies have identified white matter as 

a key contributor to general intelligence in community samples, specifically through its 

support of information processing speed (Penke et al, 2012). In studies of healthy aging, 

DTI metrics strongly mediate numerous higher-order cognitive functions, including fluid 

intelligence, executive function, memory, and flexibility (Borghesani et al, 2013; Coelho et 
al, 2021; Kievit et al, 2014; Madden et al, 2009; Penke et al, 2010; Vernooij et al, 2009).

DTI provides valuable information about white matter abnormalities in individuals with 

AUD and HIV, prior to the appearance of gross lesions or atrophy. AUD is associated 

with white matter damage in corpus callosum, corona radiata, thalamic pathways, superior 

longitudinal fasciculus, and internal capsule (Alhassoon et al, 2012; Pfefferbaum et al, 2006; 

Pfefferbaum et al, 2009; Yeh et al, 2009). Similarly, HIV infection is associated with white 

matter abnormality in corticocortical and corticolimbic fibers (Cole et al, 2018; Gongvatana 

et al, 2011; Gongvatana et al, 2009; Nir et al, 2014; Seider et al, 2016). White matter 

damage in HIV infection manifests during the acute stage (Ragin et al, 2015) and is not 

fully mitigated by combined antiretroviral therapy (ART) (O’Connor and Zeffiro, 2018). 

Research also shows that DTI metrics predict cognition in the context of HIV infection 

and AUD. Higher MD in the corpus callosum, corona radiata, optic radiation, and internal 

capsule has been associated with neurocognitive impairment in PLWH (Gongvatana et al, 
2009). In another study of PLWH, lower FA of the corpus callosum and uncinate fasciculus 

was associated with slower processing speed and lower accuracy in an attention-emotion 

task (Schulte et al, 2012). In AUD, DTI metrics correlate with psychomotor speed, balance, 

memory, and executive function (Crespi et al, 2020; Pfefferbaum et al, 2009; Trivedi et al, 
2013).

Prior reports are mixed as to whether HIV clinical characteristics, such as nadir CD4 or 

duration of infection, predict white matter compromise. In addition, findings vary as to 

whether aging and HIV infection interact to promote accelerated aging of brain white matter. 

Some studies have reported an interaction of aging and HIV infection (i.e., accelerated 
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aging) on brain white matter microstructure (Kuhn et al, 2019; Seider et al, 2016), whereas 

others have found augmented white matter aging in PLWH in the absence of an interaction 

per se (Cole et al, 2018; Kuhn et al, 2018; Su et al, 2016).

Associations of heavy alcohol use with white matter metrics in the context of HIV infection 

are another important area of investigation, yet most HIV-focused studies have excluded 

individuals with current or past AUD. One study found that PLWH with co-occurring AUD 

had greater white matter deficits in corpus callosum compared to controls or to individuals 

with HIV or AUD alone (Pfefferbaum et al, 2007). Our group previously found that lifetime 

diagnosis of AUD accounted for abnormal diffusivity in frontal white matter (Gullett et al, 
2018). Given the high prevalence of alcohol use in PLWH (Williams et al, 2016), there is 

a pressing need to further investigate whether current alcohol use is associated with white 

matter abnormality in this population.

This study aimed to quantify the independent and concomitant associations of heavy 

drinking and HIV infection with white matter microstructure. Participants were 108 

individuals enrolled in a study on brain dysfunction associated with HIV and alcohol 

use through the Alcohol Research Center on HIV (1P01AA019072). The cohort included 

PLWH and a seronegative control group, with a full range of current drinking behavior 

(i.e., non-drinkers, moderate drinkers, and heavy drinkers) represented in both groups. 

We predicted that HIV infection and current heavy drinking each would be associated 

with white matter microstructural abnormalities. At the same time, current drinking status 

can be a weak representation of lifetime alcohol use, particularly when individuals stop 

drinking due to health problems or negative consequences. Because there are significant 

gaps in understanding of the effects of current versus past drinking on brain health, we also 

examined lifetime history of AUD. Finally, based on prior research by our group and others 

(Cohen et al, 2010; Gongvatana et al, 2011; Seider et al, 2016; Sexton et al, 2014), we also 

expected that older age in all participants and select clinical characteristics in PLWH [e.g., 

CD4 nadir, detectable viral load, Hepatitis C virus (HCV) coinfection] would be associated 

with white matter microstructural compromise.

Method

Participants

Data were collected in 2010–2015 at the baseline visit of a longitudinal project sponsored 

by Brown University’s Alcohol Research Center on HIV (ARCH). Individuals were 

recruited from an HIV clinic in Providence, RI, based on review of medical records and 

clinical interviews. Seronegative individuals treated at or referred by patients of the clinic 

were recruited as a control group with similar sociodemographic characteristics. Inclusion/

exclusion criteria for the seropositive and seronegative groups were the same, except 

for criteria pertaining to HIV disease status. After screening and enrollment, participants 

completed a detailed behavioral assessment and MRI scan. HCV status was determined 

by antibody test followed by confirmatory HCV RNA testing. All participants provided 

informed consent for research activities, which were approved by the Institutional Review 

Boards of Brown University and The Miriam Hospital/Lifespan. This report includes all 

participants from this cohort with usable baseline DTI data; different analyses to address 
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distinct research questions have been reported previously in a related sample (Gullett et al, 
2018).

Inclusion criteria: 1) age 21–70 years; 2) HIV serostatus documented by ELISA, 

confirmed by Western blot and plasma HIV RNA or a second antibody test.

Exclusion criteria: 1) history of significant pre-existing neurological brain disease, 

including Alzheimer’s disease, stroke, seizure disorder, and traumatic brain injury with 

loss of consciousness >10 minutes; 2) severe psychiatric illness (i.e., of severity that may 

compromise ability to provide informed consent); 3) end-stage disease (life expectancy 

<12 months); 4) pregnancy; 5) contraindication for MRI scanning (e.g., non-removable 

ferromagnetic material in the body); 6) opportunistic CNS infection (e.g., toxoplasmosis) or 

neoplasm; 7) history of ascites, encephalopathy, esophageal variceal bleeding, hepatorenal 

syndrome or evidence of severe liver disease; 8) current cocaine, stimulant, or opioid use 

disorder, or any intravenous drug use.

Measures

Participants completed in-house questionnaires on medical history and smoking status. 

Current and past AUD were assessed using the Mini-International Neuropsychiatric 

Interview (MINI) (Sheehan et al, 1998). Other psychiatric diagnoses were assessed by self-

report. The Timeline Followback (TLFB) interview was used to collect data on alcohol and 

other drug use over the previous 90 days (Sobell and Sobell, 1992). TLFB data were used 

to classify participants into drinking groups as follows: non-drinkers reported no alcohol 

consumption; moderate drinkers reported average weekly alcohol intake at low-risk levels 

(≤7 drinks/week for women and ≤14 drinks/week for men); and heavy drinkers reported 

weekly intake above low-risk levels (National Institute on Alcohol Abuse and Alcoholism, 

2010).

MRI Acquisition

Imaging data were collected on a Siemens MAGNETOM Trio 3T scanner as described in 

a previous publication (Gullett et al, 2018). Briefly, whole-brain T1-weighted images were 

collected in 255 interleaved axial 1-mm slices with TR=1.90 s, TE=2.98 s, and field of 

view=256×256 mm. Structural T1 images were processed using the Freesurfer automated 

pipeline (Fischl et al, 2002). Whole-brain DTI were collected in 69 interleaved axial 2-mm 

slices with TR=1.10 s, TE=103 ms, and field of view=128×128 mm. Diffusion data were 

collated into a dataset with 64 b=1000m/s2 volumes, 10 b=5 mm/s2 volumes, and 1 b=0 

volume, for a total of 75 volumes per scan.

DTI Processing and Analysis

Processing: Diffusion weighted images were denoised using the LPCA filter (Manjón et 
al, 2013) and corrected for motion by linearly aligning all diffusion weighted image volumes 

to the b0 image. T1-weighted images were denoised using the nonlocal means filter (Coupe 

et al, 2008) and underwent N3 intensity inhomogeneity normalization (Sled et al, 1998) and 

brain extraction (Fischl, 2012). T1 images were linearly aligned to diffusion images, and 

diffusion images were then non-linearly warped to their respective T1-weighted scans to 
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correct for echo-planar imaging (EPI) induced susceptibility artifacts (Avants et al, 2011). 

Diffusion gradient directions were rotated to accommodate linear registrations.

Quality check: DTI scans were collected from a total of 132 participants. From the 132 

datasets, 20 had motion/scanner artifact, and 4 had extreme outlier values >3 SDs from the 

group mean. After excluding those 24 datasets, 108 DTI datasets were available for analysis. 

Excluded datasets did not differ by HIV status [Pearson’s χ2(1)=.002, p=.962].

Voxelwise analyses: Tract-based spatial statistics (TBSS) from the FMRIB Software 

Library [FSL; (Jenkinson et al, 2012)] were used to implement voxelwise statistics on 

the mean FA skeleton (Smith et al, 2006). The mean FA skeleton was derived from 

participants’ data after non-linear registration and transformation. The FA skeleton image 

was thresholded at 0.20. Axial diffusivity (AD) and radial diffusivity (RD) were analyzed 

in a parallel manner using FSL’s script for non-FA files. All voxelwise analyses utilized 

the randomise program with threshold-free cluster enhancement, which corrects for multiple 

comparisons across spatial images (Winkler et al, 2014).

Region of interest (ROI) analyses: ROIs were calculated from the white matter 

skeleton using the JHU-ICBM-DTI-81 atlas (Mori et al, 2008). Informed by previous 

research on HIV and alcohol effects reviewed above, we analyzed 21 ROIs (4 midline, 

17 bilateral), as follows: genu, body, and splenium of corpus callosum; fornix; corticospinal 

tract; medial lemniscus; cerebral peduncles; anterior, posterior, and retrolenticular internal 

capsule; anterior, superior, and posterior corona radiata; posterior thalamic radiation; 

sagittal striatum; external capsule; cingulate gyrus; cingulum hippocampal part; fornix/stria 

terminalis; superior longitudinal fasciculus; uncinate fasciculus.

Statistical Analysis

Demographic and clinical characteristics: Group differences in demographic and 

clinical attributes were assessed with t-tests or one-way analysis of variance (ANOVA) for 

continuous variables and Pearson’s χ2 test for categorical variables.

TBSS voxelwise analyses: Our approach was to test predictor variables on a whole-

brain voxelwise basis using TBSS (Smith et al, 2006). TBSS allows for testing a contrast 

of interest (e.g., HIV-seropositive vs. HIV-seronegative) while controlling for other variables 

entered into the model.

Primary hypothesis test.—We tested main effects of HIV status, age, drinking group, 

sex, smoking status, and marijuana use (i.e., frequency on the TLFB) on FA of the white 

matter skeleton. Sex, smoking status, and marijuana status were included as control variables 

in this analysis due to white matter effects reported previously (Filbey et al, 2014; Inano et 
al, 2011; Liang et al, 2018; Orr et al, 2016). Drinking group was coded as 0=non-drinker, 

1=moderate drinker, and 2=heavy drinker.

Interaction analyses.—In two separate TBSS analyses, we tested the interaction of HIV 

status with A) age and B) drinking group on white matter FA. This analysis was conducted 
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without additional variables included in the model and was followed by a confirmatory ROI 

analysis with relevant control variables (see below).

AD and RD analyses.—Finally, we conducted whole-brain TBSS analyses on AD and 

RD using parallel methods to the primary hypothesis test. These analyses tested main effects 

of HIV status, age, drinking group, sex, smoking status, and marijuana use on AD or RD of 

the white matter skeleton.

Additional FA, AD, and RD analyses.—In order to evaluate possible confounders, 

we conducted three additional analyses that included all predictor variables above (i.e., 

HIV status, age, drinking group, sex, smoking status, marijuana use) plus the following 

variables in separate analyses: A) mental health conditions; B) illicit drug use; or C) lifetime 

AUD. Each of these three potential confounders was tested as a predictor of FA, AD, 

and RD values in separate TBSS analyses. The mental health conditions variable was a 

count variable reflecting how many of the following diagnoses were self-reported by the 

participant: depression, anxiety, schizophrenia, bipolar disorder, ADHD. These conditions 

were selected due to the high prevalence of depression in PLWH (Rubin and Maki, 2019) 

and to recent evidence linking anxiety, schizophrenia, bipolar disorder, and ADHD with 

accelerated brain aging (Amen et al, 2018). The illicit drug use variable was a dichotomous 

variable (0=no, 1=yes) representing whether the participant reported any use of cocaine, 

hallucinogens, sedatives, opioids, or stimulants on the 90-day TLFB. Lifetime AUD was a 

dichotomous variable (0=no, 1=yes) determined from the MINI and captured both current 

and remote AUD.

ROI analyses: Significant voxelwise findings were followed with confirmatory ROI 

analyses. Univariate ANOVAs were used to probe the main effect of drinking group on 

FA of ROIs identified in the voxelwise analysis. Averaged left and right hemisphere ROIs 

were analyzed unless voxelwise analyses indicated a unilateral effect. These tests used 

HIV, drinking group, age, and marijuana use as predictors of individual ROI FA values. 

Smoking status and sex were not included in ANOVA models because these variables 

were not significant in voxelwise analyses. For significant models, follow-up contrasts were 

performed to assess pairwise differences between drinking groups. Separately, multivariate 

ANOVA was used to examine the HIV-age interaction in all ROIs simultaneously, given 

the extent of the interaction in voxelwise analysis. The multivariate analysis used HIV, age, 

drinking group, marijuana use, and the HIV-age interaction as predictors and the 21 ROIs as 

dependent variables.

Clinical characteristics: Within-group analyses in PLWH tested clinical characteristics 

as predictors of FA, AD, and RD values in the 21 ROIs using multiple regression in 

participants who had complete data on the predictor variables (n=56). Clinical characteristics 

of interest were 1) CD4 nadir; 2) current CD4; 3) HCV status; 4) detectable HIV RNA, 

using a threshold of 75 copies/ml; 5) length of infection, which was implemented as 

unstandardized residuals from a regression with age as the independent variable and 

length of infection as the dependent variable. The residualized variable was necessary to 

differentiate length of infection from age because these observed variables were highly 
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correlated (r=.603, p<.0001). The resulting residualized variable was not correlated with 

age (r=.000, p=1.000). Bonferroni adjustment for multiple comparisons was applied to 

regression models for a critical p-value=.00238 (i.e., .05/21 ROIs).

Post hoc tests: We considered that differential lifetime alcohol exposure (across non-

drinkers and moderate drinkers) or HIV disease history (across all groups) might have 

confounded differences according to drinking group. As post hoc analyses, we tested A) 

whether non-drinkers and moderate drinkers differed on lifetime AUD; and B) whether, 

within PLWH, the three drinking groups differed on infection length, CD4 nadir, current 

CD4, detectable viral load, or HCV co-infection.

Results

Participant Characteristics

As shown in Table 1, PLWH and controls did not differ on education, race/ethnicity, 

smoking status, current drinking status, current or past AUD diagnosis, average drinks per 

week, or percent days using marijuana. Compared to controls, PLWH had a higher mean age 

and a lower proportion of women. Participants reported use of non-prescribed drugs other 

than cannabis (i.e., cocaine, opioids, sedatives, stimulants, hallucinogens) on <2% of days.

In the sample of PLWH, 94% were on ART, and 69% were virally suppressed. CD4 

count (581±275) and CD4 nadir (214±171) were relatively high, indicating a lack of 

severe immunosuppression in general. HCV coinfection was present in 19% of PLWH. 

PLWH self-reported depression, but not other mental health conditions, at a higher rate than 

seronegative controls, consistent with depression as a neuropsychiatric complication of HIV 

(Rubin and Maki, 2019).

TBSS Voxelwise Results

Primary hypothesis test: The TBSS main effects analysis tested HIV status, age, 

drinking group, sex, smoking status, and marijuana use as predictors of white matter 

skeleton FA. Age, drinking group, and marijuana use showed significant main effects. Main 

effects of HIV status, sex, and smoking status were not significant. Older age was associated 

with lower FA over the majority (approximately 71%) of the white matter skeleton (Figure 

1A). Drinking group was associated with FA over a large portion (approximately 31%) of 

the white matter skeleton (Figure 1B). As expected, heavier drinking was associated with 

lower FA. Tracts affected by the significant main effect of drinking group included the 

genu, body, and splenium of corpus callosum; left retrolenticular part of the internal capsule; 

anterior, superior, and posterior corona radiata; posterior thalamic radiation; left external 

capsule; cingulate gyrus; cingulum hippocampal part; and superior longitudinal fasciculus. 

Greater frequency of marijuana use was associated with higher FA in several tracts, 

including anterior, superior, and posterior corona radiata; superior longitudinal fasciculus; 

right cingulate gyrus; genu and splenium of corpus callosum; anterior limb of internal 

capsule; and external capsule (Figure 1C).
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Interaction analyses: Next, TBSS was used to test interactions of HIV with age and 

drinking group on white matter skeleton FA. There was a significant HIV-age interaction 

in which the effect of age on FA was significantly more negative in the HIV group than 

in the control group. The HIV-age interaction affected FA over a large portion of the white 

matter skeleton (Figure 2). Important to note, this finding qualifies the significant main 

effect of age and null main effect of HIV reported above. Tracts affected by the HIV-age 

interaction included anterior and superior corona radiata; left posterior corona radiata; body, 

genu, and splenium of corpus callosum; anterior limb, posterior limb, and retrolenticular 

part of internal capsule; external capsule; superior longitudinal fasciculus; posterior thalamic 

radiation; sagittal striatum; fornix/stria terminalis (bilateral). The interaction of HIV with 

drinking group was not significant.

AD and RD analyses: We conducted parallel voxelwise analyses on AD and RD to better 

understand FA differences. Results for AD were limited (Figure 3). Older age was associated 

with lower AD in the left retrolenticular part of the internal capsule (Figure 3A), and heavier 

alcohol use was associated with higher AD in left anterior and superior corona radiata and 

left anterior and posterior limbs of the internal capsule (Figure 3B). Findings for RD were 

widespread and showed a high degree of spatial overlap with FA results above. Older age 

(Figure 3C) and heavier drinking (Figure 3D) were associated with higher RD over the 

majority of the white matter skeleton. In addition, marijuana use was associated with lower 

RD in right cingulate gyrus, superior longitudinal fasciculus, splenium of corpus callosum, 

left anterior corona radiata, anterior limb of internal capsule, and external capsule (Figure 

3E).

Additional FA, AD, and RD analyses: These analyses to evaluate possible effects of mental 

health conditions, illicit drug use, or lifetime AUD diagnosis on FA, AD, and RD values 

yielded no significant results (all p’s > .08). Addition of these variables to TBSS models did 

not change the significance of any effects reported above.

ROI Results

Comparison of drinking groups: Univariate ANOVAs probed the main effect of 

drinking group on FA of the 12 ROIs identified in the voxelwise analysis above, with 

HIV, age, and marijuana use included as predictors. Of the 12 ROIs tested in the ANOVA 

framework, there was a significant effect of drinking group on 6 ROIs (Table 2 and 

Figure 4). These were the genu, body, and splenium of corpus callosum; posterior thalamic 

radiation; left external capsule; and cingulate gyrus. In all of these ROIs, non-drinkers had 

significantly higher FA than heavy drinkers, with medium to large effect sizes for group 

differences. In addition, non-drinkers had significantly higher FA than moderate drinkers 

in the genu and body of corpus callosum, with effect sizes of small magnitude. Moderate 

drinkers had significantly higher FA than heavy drinkers in the body of corpus callosum, 

posterior thalamic radiation, and left external capsule, with medium to large effect sizes 

observed for these differences.

Analysis of HIV-age interaction: The HIV-age interaction was significant in the overall 

multivariate model, F(21,81)=2.218, p=.006. In follow-up univariate tests, the HIV-age 
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interaction was significant for 7 of the 21 ROIs: anterior limb of internal capsule, posterior 

limb of internal capsule, posterior thalamic radiation, external capsule, cingulate gyrus, 

superior longitudinal fasciculus, and uncinate fasciculus (Table 3).

HIV Clinical Characteristics and DTI Metrics—HIV clinical characteristics were not 

significantly associated with FA in any ROI. After correction for multiple comparisons, 

regression models were significant for AD in the corticospinal tract (p=.000827) and 

cerebral peduncles (p=.002373) and for RD in the corticospinal tract (p=.000390). Results 

are shown in Table 4. Detectable HIV RNA, current CD4 count, and/or HCV co-infection 

were significant variables. Detectable HIV RNA was significantly associated with lower 

AD of corticospinal tract (p=.037) and lower AD of cerebral peduncles (p=.029). Higher 

current CD4 was significantly associated with lower AD of corticospinal tract (p=.020), 

lower AD of cerebral peduncles (p=.013), and lower RD of corticospinal tract (p=.028). 

HCV co-infection was significantly associated with higher AD (p=.003) and higher RD 

(p=.001) of corticospinal tract.

Post Hoc Tests—These analyses evaluated whether lifetime alcohol exposure (across 

non-drinkers and moderate drinkers) or HIV disease history (across all groups) differed 

according to drinking group. As a post hoc analysis, we tested A) whether non-drinkers 

and moderate drinkers differed on lifetime AUD; and B) whether, within PLWH, the 

three drinking groups differed on infection length, CD4 nadir, current CD4, detectable 

viral load, or HCV co-infection. Lifetime AUD rates were high in both non-drinkers 

(60%) and moderate drinkers (72%); rates did not differ between these two groups 

[χ2(1)=1.246, p=.264]. Across all drinking groups, PLWH did not differ on length 

of infection [F(2,59)=1.579, p=.215], nadir CD4 [F(2,56)=.242, p=.786], current CD4 

[F(2,55)=.894, p=.415], detectable viral load [χ2(2)=.386, p=.824], or HCV co-infection 

[χ2(2)=1.009, p=.604]. Thus, drinking group differences in white matter microstructure 

were not confounded by differential lifetime AUD rates or HIV clinical characteristics. 

In summary, ROI analyses were consistent with a dose-dependent association of greater 

alcohol consumption with lower FA in corpus callosum, posterior thalamic radiation, and 

left external capsule.

Discussion

In this sample of PLWH and seronegative individuals, current alcohol use, age, and the 

interaction of HIV with age predicted diminished quality of white matter microstructure. 

TBSS whole-brain analyses showed widespread effects of drinking status and age on 

white matter, along with a fairly extensive HIV-age interaction. Follow-up ROI analyses 

confirmed significant effects of drinking group in corpus callosum (all segments), cingulate 

gyrus, posterior thalamic radiation, and left external capsule. In addition, ROI analyses 

confirmed significant HIV-age interaction effects in anterior and posterior limbs of internal 

capsule, posterior thalamic radiation, external capsule, cingulate gyrus, superior longitudinal 

fasciculus, and uncinate fasciculus. We did not observe a main effect of HIV status, and 

HIV clinical characteristics, including HCV coinfection, were not associated with FA of 

any white matter tract. However, we did observe limited associations of current CD4 count, 

detectable viral load, and HCV co-infection with AD and/or RD of corticospinal tract and 
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cerebral peduncles. This study adds to previous research by demonstrating that current 

drinking status had strong associations with white matter microstructure in both PLWH 

and healthy controls. Further, associations of current drinking behavior with white matter 

characteristics were not better accounted for by AUD history, HIV clinical characteristics, 

mental health conditions, or illicit drug use.

To our knowledge, our study is the first to examine whole-brain white matter microstructure 

in relation to current drinking behavior in PLWH. Results are consistent with a previous 

study reporting corpus callosum abnormalities in PLWH with comorbid AUD, compared 

to individuals with HIV only or lifetime AUD only (Pfefferbaum et al, 2007). Our results 

are differentiated from previous findings by linking white matter deficits to current drinking 

behavior, as opposed to lifetime AUD diagnosis. Categorizing participants based on current 

weekly alcohol intake, we found that non-drinkers had higher FA than heavy drinkers in 

genu, body, and splenium of corpus callosum; posterior thalamic radiation; left external 

capsule; and cingulate gyrus. Moderate drinkers exhibited FA values that were intermediate 

to non-drinkers and heavy drinkers. Specifically, moderate drinkers had lower FA than 

non-drinkers in genu and body of corpus callosum and higher FA than heavy drinkers in 

posterior thalamic radiation and left external capsule. These results are consistent with a 

dose-dependent relationship of current alcohol intake with markers of poorer white matter 

microstructural integrity (see Table 2 and Figure 4). Results were not altered by including 

lifetime AUD diagnosis in the analysis. Moreover, we did not observe an interaction of HIV 

status with drinking group, indicating that associations of alcohol use with white matter FA 

did not differ for PLWH versus seronegative controls. As seen in Figure 4, FA values were 

qualitatively higher for HIV-negative individuals in the ROIs that showed drinking group 

differences, despite the absence of a significant interaction of HIV with drinking group. 

The absence of an interaction may be related to high variability within groups, especially 

heavy drinkers, as reflected in the relatively wide standard error bars. We did not probe the 

interaction of HIV with drinking group in the follow-up ANOVAs to the TBSS analysis, 

consistent with our strategy of using ROIs only for confirmatory testing to reduce the 

likelihood of Type I error.

We followed these findings with post hoc comparisons to investigate whether background 

characteristics may have confounded FA differences between drinking groups. The very 

high rates of lifetime AUD in both non-drinkers (60%) and moderate drinkers (72%) are 

noteworthy, but groups did not differ from each other on lifetime AUD. Moreover, HIV 

clinical characteristics and HCV coinfection rates did not differ for nondrinking, moderate 

drinking, and heavy drinking PLWH. Therefore, we conclude that current drinking behavior 

had a dose-dependent association with white matter deficits that was not confounded by past 

alcohol exposure or clinical characteristics. Longitudinal research shows that DTI metrics of 

white matter microstructure actually improve with cessation of drinking in individuals with 

AUD (Pfefferbaum et al, 2014). Although the current study did not measure change over 

time, our results are consistent with the possibility that white matter damage abates with 

abstinence from alcohol and remains stable with effective HIV treatment.

As expected, age was another major predictor of white matter microstructural integrity in 

this sample of individuals aged 21–70 years. HIV infection by itself was not a significant 
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predictor of FA, but the HIV-age interaction was widespread in voxelwise analyses (see 

Figure 2). In follow-up ROI analyses, we localized the HIV-age interaction to the anterior 

limb of internal capsule, posterior limb of internal capsule, posterior thalamic radiation, 

external capsule, cingulate gyrus, superior longitudinal fasciculus, and uncinate fasciculus 

(see Table 3). These results are consistent with our previous work. In this cohort, current 

alcohol use and age were stronger predictors of neurocognitive functioning than HIV 

infection (Cohen et al, 2019). In another cohort of PLWH, age was a stronger predictor 

of DTI outcomes than HIV clinical characteristics (Gongvatana et al, 2011). Moreover, 

our group reported similar main effects of age and HIV-age interactions on white matter 

microstructure in an independent cohort of PLWH and controls (Seider et al, 2016). 

Important to note, our finding of an HIV-age interaction does not speak to whether the rate 

of white matter microstructural decline over time differs by HIV status. Although several 

studies show greater-than-expected white matter microstructural decline for chronological 

age in PLWH, e.g., (Kuhn et al, 2018; Seider et al, 2016), it is not yet clear whether 

PLWH experience accelerated decline over time. One longitudinal study found no evidence 

of accelerated white matter decline in virally suppressed PLWH relative to matched controls 

over a two-year period (Cole et al, 2018).

Alcohol-related FA and RD effects were diffuse, affecting all cortical lobes and many 

subcortical structures. These results underscore the utility of whole-brain approaches to 

neurobiological correlates of alcohol use. Associations of alcohol use with lower AD were 

limited to left anterior and superior corona radiata and left anterior and posterior limbs 

of the internal capsule. Overall, locations of HIV-age and alcohol effects are consistent 

with previous research. In whole-brain longitudinal studies, aging effects on white matter 

microstructure are most marked in frontal and parietal lobes (Sexton et al, 2014; Vinke 

et al, 2018). Similarly, alcohol appears to target superior, frontal, and limbic white matter 

regions (Crews, 2008; Monnig et al, 2013a; Pfefferbaum et al, 2009). Some mechanisms 

of neurodegeneration, such as oxidative stress and neuroinflammation, are common to HIV, 

aging, and heavy drinking (Crews, 2008; Monnig, 2016). However, it is not known at present 

why certain white matter regions may be more vulnerable than others. The combination of 

diffuse and focal effects suggests multiple mechanisms contributed to observed effects.

AD and RD findings suggest that effects of age, drinking group, and marijuana use on FA 

largely were related to RD, rather than AD. AD and RD reflect the magnitude of water 

diffusion parallel and perpendicular to the primary orientation, respectively. The association 

of heavier drinking with higher AD along the left anterior and superior corona radiata 

and left anterior and posterior limbs of the internal capsule suggests that axonal integrity 

is negatively affected by current alcohol use. This finding is consistent with our previous 

analysis in a related cohort of PLWH that linked AUD to elevated AD (Gullett et al, 2018), 

yet contrary to what has been reported in other DTI studies on AUD (Monnig et al, 2013a). 

Associations of both heavy drinking and age with higher RD were widespread and largely 

overlapped with the corresponding FA voxelwise maps. Experimental studies have shown 

that demyelination or even milder myelin damage can cause elevated RD (Song et al, 2002; 

Song et al, 2005). Thus, our results suggest that poorer myelination status and/or myelin 

quality may contribute to lower FA associated with alcohol use and older age.
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Although marijuana was not a primary focus of this study, we found that greater frequency 

of marijuana use was associated with higher FA and lower RD in several white matter 

regions. Higher FA and lower RD often have favorable interpretations in clinical scenarios, 

and it is possible that the anti-inflammatory effects of cannabis could confer some benefit 

for white matter health. However, there are several reasons why our results cannot be 

interpreted as showing a beneficial effect of marijuana use on brain white matter. First, 

average frequency of marijuana use was relatively low (approximately 13% of the past 90 

days), such that this study did not capture effects of daily use. Second, our data do not 

speak to quantity or chronicity of marijuana use. Third, marijuana frequency and alcohol 

quantity were not at all correlated (r=.043, p=.658), meaning that results should not be 

construed as a possible “protective” effect of marijuana use in the context of heavy drinking. 

Individuals who use marijuana recreationally have shown subtle differences in white matter 

microstructure and subcortical morphometry (Orr et al, 2016). Further research on white 

matter effects of marijuana in PLWH is warranted.

HIV clinical characteristics showed limited associations with AD of corticospinal tract and 

cerebral peduncles and RD of corticospinal tract. The absence of associations between HIV 

clinical characteristics and FA was somewhat surprising but is not out of line with previous 

research. Whereas some studies have linked current/nadir CD4 or HCV co-infection to 

white matter microstructural integrity (Cysique et al, 2017; Gongvatana et al, 2011), others 

have failed to find such associations, e.g., (Heaps-Woodruff et al, 2016; Nir et al, 2014), 

or even have linked CD4 recovery to white matter abnormality (Fennema-Notestine et al, 
2013). Thus, the clinical significance of these associations is unknown. Because our sample 

was recruited from an HIV clinic, all participants were engaged in care. The majority of 

participants were on ART and were virally suppressed, and their current and nadir CD4 

counts were relatively high. Clinical characteristics of this sample were highly consistent 

with the US population of PLWH (Centers for Disease Control and Prevention, 2019). 

Under severe immunosuppression and/or untreated infection, we speculate that clinical 

characteristics would be more strongly related to white matter microstructure. The absence 

of white matter findings according to HIV status is a departure from some previous 

studies in similar populations (Cole et al, 2018; Gongvatana et al, 2009). However, other 

studies with comparable samples reported no main effect of HIV status (Liang et al, 2018; 

Pfefferbaum et al, 2007; Seider et al, 2016). It may be that mixed results are attributable to 

methodological differences, particularly how age and alcohol use are accounted for.

Decrements in cognition are observed in HIV/aging and heavy drinking (Heaton et al, 
2010; Sullivan et al, 2010). Although we did not examine the clinical or functional 

significance of individual differences in white matter microstructure, a large body of 

literature links DTI metrics of white matter to cognitive performance, particularly fluid 

functions such as executive function and processing speed (e.g., (Coelho et al, 2021; Penke 

et al, 2012; Vernooij et al, 2009). As the average age of PLWH increases, avoiding behaviors 

associated with white matter deterioration will be key to maintaining cognitive abilities and 

functional independence. For these reasons, alcohol use warrants further attention as a likely 

contributor to white matter deterioration in PLWH.
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A notable limitation of this study is the absence of HCV infection data in controls. Without 

HCV labs we were unable to investigate the possible effect of HCV status on white matter 

microstructure in the sample as a whole. On the other hand, we did not find a significant 

effect of HCV co-infection for any white matter ROI within the HIV-infected group. Mental 

health conditions were assessed by self-report rather than a structured clinical interview 

due to time constraints. The absence of a relationship between mental health conditions 

and white matter microstructure should be taken as tentative in light of this limitation. 

In addition, we used a more conservative criterion for HIV control (<75 copies/ml) than 

currently is applied in clinical practice (<200 copies/ml). However, applying the less 

conservative threshold would result in reclassification of <5% of participants.

Conclusions

Alcohol use was the only malleable factor associated with white matter microstructural 

deficits identified in the current study. Our study underscores the importance of matching 

groups on and examining effects of alcohol and drug use, rather than simply excluding 

individuals with current substance use disorders. Given the prevalence of heavy drinking in 

both the general population and in PLWH, findings also speak to the importance of ensuring 

access to effective treatments for AUD. Additional research to investigate the association 

of change in drinking with white matter health would be informative for preventing and 

treating alcohol-related pathology.
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Figure 1. 
Main effects of age, alcohol, and marijuana on FA

Effects of age, drinking group, and marijuana use on FA are displayed in red-yellow on 

the MNI152 T1 template. In all analyses, drinking group was coded such that a negative 

association indicates that heavier drinking was associated with lower FA. A) Negative 

association of age with FA; B) negative association of drinking group with FA; C) positive 

association of marijuana use frequency with FA.
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Figure 2. 
Interactive effects of HIV and age on FA

The interaction of HIV status and age on FA is displayed in red-yellow on the MNI152 T1 

template. Significant voxels are those in which the effect of age on white matter FA was 

significantly more negative in the HIV group than in the control group.
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Figure 3. 
Main effects of age, alcohol, and marijuana on AD and RD

Effects of age and drinking group on AD and effects of age, drinking group, and marijuana 

use on RD are displayed in red-yellow on the MNI152 T1 template. A) Negative association 

of age with AD; B) positive association of drinking group with AD; C) positive association 

of age with RD; D) positive association of drinking group with RD; E) negative association 

of marijuana use with RD.
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Figure 4. 
Drinking group differences in FA of 6 ROIs

FA differed significantly by drinking group in six ROIs. Brackets indicate significant 

pairwise differences (p<.05) by drinking group. Non-drinkers had significantly higher FA 

values than heavy drinkers in each ROI. Although FA values for HIV-positive participants 

were qualitatively lower in most ROIs, there was no significant effect of HIV status or 

interaction of HIV status with drinking group. Bars represent mean ± 1 standard error.
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Table 1:

Demographic and clinical characteristics (N=108)

Entire sample 
(N=108)

PLWH (n=62) HIV-seronegative (n=46) p-value for test of 
group difference

Age 45.2 ± 11.1 48.9 ± 8.6 40.3 ± 12.2 p < .001*

Education 13.7 ± 2.8 13.3 ± 2.9 14.3 ± 2.5 p = .076

Sex (% female) 42% 29% 59% p = .002*

Race/ethnicity 68% White, 24% 
African-American, 7% 
Hispanic/Latino, 1% 

Other

66% White, 23% 
African-American, 10% 

Hispanic/Latino, 1% 
Other

70% White, 26% African-
American, 4% Hispanic/

Latino

p = .586

Current smoker 42% 43% p = .873

Years since HIV diagnosis ---- 18.8 ± 18.2 ---- ----

On ART ---- 93.5% ---- ----

Virally suppressed (HIV RNA 

≤75 copies/ml)
a

---- 69.4% ---- ----

Current CD4 count
a ---- 581 ± 275 ---- ----

CD4 nadir
a ---- 214 ± 171 ---- ----

HCV co-infection
a ---- 19% ---- ----

Current drinking status 28% non-drinker, 55% 
moderate drinker, 17% 

heavy drinker

32% non-drinker, 53% 
moderate drinker, 15% 

heavy drinker

22% non-drinker, 58% 
moderate drinker, 20% 

heavy drinker

p = .450

Diagnosis of alcohol use 
disorder (AUD)

27% never AUD, 57% 
remote AUD, 16% 

current AUD

35% never AUD, 50% 
remote AUD, 15% 

current AUD

21% never AUD, 63% 
remote AUD, 16% current 

AUD

p = .265

Average drinks per week
b 6.9 ± 13.8 7.0 ± 14.7 6.9 ± 12.7 p = .967

Percent days using marijuana
b 12.7 ± 27.5 17.1 ± 30.4 6.9 ± 22.1 p = .055

ADHD
a,c 1% 2% 0% p = .388

Anxiety
a,c 54% 61% 43% p = .068

Bipolar Disorder
a,c 7% 8% 7% p = .768

Depression
a,c 55% 68% 37% p = .001

Schizophrenia
a,c 1% 2% 0% p = .388

a
Notes on missing data: 4 participants were missing HIV viral load, 3 were missing CD4 nadir, 4 were missing current CD4, 6 were missing HCV 

co-infection, and 2 were missing mental health conditions.

b
In the past 90 days, per the Timeline Followback Interview.

c
Mental health conditions were self-reported.

*
significant group difference at p < .05.
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Table 3.

Multivariate analysis of HIV-age interaction

F(1,101) p-value

Genu of corpus callosum 2.948 .089

Body of corpus callosum 1.450 .231

Splenium of corpus callosum 1.169 .282

Fornix .643 .425

Corticospinal tract .083 .774

Medial lemniscus 2.007 .160

Cerebral peduncles .060 .807

Anterior limb of internal capsule 6.530 .012*

Posterior limb of internal capsule 4.114 .045*

Retrolenticular part of internal capsule 2.457 .120

Anterior corona radiata 3.732 .056

Superior corona radiata .484 .488

Posterior corona radiata .780 .379

Posterior thalamic radiation 4.203 .043*

Sagittal striatum 3.661 .059

External capsule 5.349 .023*

Cingulate gyrus 5.334 .023*

Cingulum hippocampal part 1.431 .234

Fornix/stria terminalis .643 .425

Superior longitudinal fasciculus 8.407 .005*

Uncinate fasciculus 6.188 .014*

*
p < .05
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Table 4.

Significant regression models predicting DTI metrics using HIV clinical characteristics in PLWH (n=56)

Overall model
a Length of 

infection
b

CD4 nadir Detectable HIV 

RNA
c

Current CD4 HCV co-

infection
c

AD of corticospinal 
tract

F(5,50)=5.028, 
p=.000827

β=.067, p=.577 β=−.020, 
p=.885

β=−.278, p=.037* β=−.356, 

p=.020*
β=.389, p=.003*

AD of cerebral 
peduncles

F(5,50)=4.330, 
p=.002373

β=.003, p=.981 β=−.230, 
p=.118

β=−.299, p=.029* β=−.390, 

p=.013*
β=.066, p=.607

RD of corticospinal 
tract

F(5,50)=5.539, 
p=.000390

β=−.007, p=.954 β=−.048, 
p=.731

β=−.178, p=.168 β=−.329, 

p=.028*
β=.445, p=.001*

Notes:

*
Significant predictor at p<.05.

a
Overall models were considered significant at p<.00238 after Bonferroni correction for multiple tests.

b
Length of infection was implemented as unstandardized residuals from a regression with age as the independent variable and length of infection as 

the dependent variable because these variables were highly correlated.

c
Detectable HIV RNA and HCV co-infection were coded 0=absent, 1=present.
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